Background: Transplantation of bone marrow mesenchymal stem cells (MSCs) provides a promising therapeutic efficiency for a variety of disorders caused by ischemia or reperfusion impairment. We have previously demonstrated the efficacy of MSCs in mitigating intestinal ischemia/reperfusion (I/R) injuries in rats, but the mechanism by which MSCs engraft ameliorates I/R injuries has largely been unknown. The present study aimed at investigating probable mechanisms by which MSCs exert their function.
Introduction

Since
Friedenstein and colleagues first defined mesenchymal stem cells (MSCs) as cells that have the capability of self-renewal and possess multipotency in the 1970s [1] , research on these cells has mushroomed for decades. MSCs have been reported not only to be able to differentiate into mesodermal derived lineage, including osteocytes, adipocytes and chondrocytes [2, 3, 4] , but also to have the potential to differentiate into an amazing array of nearly every major cell type in the adult body such as hepatocytes [5, 6] , pancreatic-like cells [7, 8, 9] and neuron-like cells [10, 11] . Moreover, MSCs are capable of paracrine a variety of cytokines which can apply diverse biological effect. Therefore, MSCs are considered to have the potential for application in a wide variety of degenerative disorders. In addition, MSCs have become attractive candidates in the treatment of many immune disorders because of their low immunogenicity/immune-modulatory properties [12, 13, 14] . Animal models also demonstrated that MSCs induce the repair of injured organs and ameliorate inflammatory response processes [15, 16, 17, 18] . The encouraging results in such models have initiated the transplantation of MSCs in clinical trials in a range of disorders, including graft versus host disease, inflammatory bowel disease and cases of cardiac infarct [19, 20, 21] .
Intestinal I/R injury is essentially an inflammatory response process and is a significant problem in abdominal aortic aneurysm surgery, small bowel transplantation, cardiopulmonary bypass, strangulated hernias and neonatal necrotizing enterocolitis [22] . Likewise, it is also a common clinical event associated with high morbidity and mortality in both surgical and trauma patients [23] . A number of studies exploring strategies to prevent I/R injuries of the bowel have successfully been applied to attenuate intestinal I/R injury in animal models. Our previous study demonstrated that use of MSCs is a novel modality for reducing intestinal mucosa injury induced by ischemia and reperfusion [24] . That study provided evidence that MSCs infusion has the capability to maintain the morphological integrity of intestinal mucosa, reducing intestinal mucosal permeability, decreasing the incidence of bacteria translocation from bowel lumen to mesenteric lymph nodes, and accelerating the restoration of the gut barrier function after superior mesenteric artery I/R impairment.
A knowledge gap however, still exists regarding the underlying mechanism by which MSCs transplantation reduce intestinal I/R injury. On the basis of our preliminary research and other studies that administered MSCs to I/R injured tissue, we aimed to investigate the influence of MSCs transplantation on regeneration and inflammatory response in intestinal mucosa after I/R injury. We envision that this study will narrow the knowledge gap and lead to a better understanding for the underlying mechanism of MSCs transplantation attenuating intestinal I/R injury, which has mostly been attributed to their potential to inhibit the inflammatory response and to accelerate mucosal cell proliferation.
Materials and Methods
Animals
The MSCs donor animals were 4-week-old male SpragueDawley (SD) rats. The recipient animals were female SpragueDawley rats weighing 180-220 g. All the animals were housed in plastic-bottomed wire-lidded cages and maintained on a 12: 12 hour light/dark cycle in a temperature controlled room (25°C) with free access to water and rat chow. Animals were acclimatized at least 7 days before use. All experimental procedures were carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH publication 86-23, revised 1985) , and the protocols were approved by Animal Care and Research Committee of Qingdao University, Shandong Province, China.
MSCs preparation and surgical procedure
MSCs isolation and expansion was performed according to a previously described method [25] . MSCs culture and identification used the same method as in our previous study [24] . MSCs were cultured using direct adherence and nonadherent cells were removed by changing the culture medium after 72h. Cells were used for transplantation after reaching the third passage of growth. All female recipient SD rats had access only to water for 12 hours prior to the operation. Surgical procedures and cell transplantation were performed as previously described [24, 26] . Briefly, 72 animals were randomly divided into 3 groups (MSC, saline and sham groups), each with 24 animals. All the animals were anesthetized with ketamine hydrochloride 100mg/kg introperitoneal injection, midline laparotomy was preformed, and the SMA was dissected and occluded by a microaneurysm clamp. Reperfusion was achieved by removal of the clamp after 45 minutes. In the MSCs group, just after the clamp was released, 1×10 7 male rat MSCs suspended in 0.5 mL serum free DMEM were submucosally injected into the intestine at 10 different points. In the saline group, animals underwent the same surgical procedure as MSCs group and 0.5 mL of normal saline was submucosally injected into the intestine at 10 different points. However, in the sham group, animals were anesthetized and the SMA was dissected but was not occluded.
Tracking the donor-derived MSCs in recipient intestine
We used a Y chromosome in situ hybridization method (SRY gene detection reagent, Haoyang Biological Manufacture, Tianjin, China) to detect the presence and distribution of MSCs in recipients. Fresh intestinal tissues of the recipient animals were flushed and immediately fixed in 4% paraformaldehyde (4% PFA in 0.1 M PB, phosphate buffer), then dehydrated and the tissue embedded in paraffin wax. 5µm sections were treated with xylene, graded alcohols (95%-80%-60%-30%) and PBS. After incubation with deionized water containing 3% 
Measuring TNF-α content of the intestinal mucosa
Ileal specimen of each experimental animal was removed, intestinal contents were rinsed away with sterile PBS and intestinal mucosal tissues were scraped. After weighing the mucosal tissue and adding homogenization medium in a ratio of 1:10 (weight/volume), intestinal mucosa was fully homogenated at ice water environment. The homogenization liquid was transferred into 1.5ml EP tube, centrifuged at 3000rpm for 15mins, the supernatant prepared for determining the TNF-α using enzyme linked immunosorbent assay reagents (Leino Company, US).
Real-time PCR for determining proliferating cell nuclear antigen (PCNA) expression in intestinal mucosa
0.1g ileum mucosa of each group was collected in RNasefree tubes and total RNAs of intestinal mucosal tissue was extracted using Trizol reagents (Invitrogen Company, US). cDNA was synthesized using the prime Script TM 1 st strand cDNA synthesis kit (Takara, Japan) according to the manufacture's protocol. In brief, the intestinal mucosa were ground sufficiently using an RNase-free grinding rod in Trizol reagent, then trichloromethane was added to the 1/5 volume of Trizol and mixed thoroughly. The mixture was centrifuged at 14,000 g (4°C) for 15 mins. The supernatants were transferred to new RNase-free tubes and mixed with isopropanol at a ratio of 1:1, then centrifuged at 14,000 g (4°C) for 15 mins after incubation for 10 mins. The supernatants were removed, 1ml 75% ethanol (diluted in DEPC water) was added to the tubes and mixed gently. After centrifugation at 7,500 g (4°C) for 5 mins, the supernatant was removed and the tubes were airdried at room temperature. To synthesize cDNAs, 5 µl total RNAs and 2×RT buffer 10µl, 1 µl Oligo dT primer (100 µM), 1 µl RT mixture (20 mM) and 13 µl deionized DEPC water was added to each tube. The reaction was under the following conditions: denaturation at 25°C for 10mins, annealing at 40°C for 60 mins, and synthesis at 70°C for 10mins, for 40 cycles. The mixture was then stored at -30°C until use. Real-time quantitative PCR was performed using a sequence detector system (FT2000, Canada) with individual primer pairs and fluorenscently-labbeled probe 50µl reaction according to the reagent (SYBR premix Ex Taq TM II kit Takara, Japan) manufacturer's protocols. Briefly, real-time PCRs were performed in a total volume of 50 µl, and each reaction contained 2 × PCR buffer 25 µl, 25 µM primers 1.2 µl, 0.4 µl forward and reverse PCR primers, 1 µl cDNA and 22.4 µl deionized DEPC water. The reaction procedure was as following: 94°C for 4 mins, 94°C for 30s, and 60°C for 30s, for 40 cycles. The progress of the PCR amplification was monitored in real-time by fluorescent measurement during each cycle, and the relative concentration of target gene were quantified with its own GAPDH. The analysis of PCR results and calculations was performed using the Rotor-gene software (ver. 6) and the control levels were set at 1. Western blot to analyze the protein expression of pERK1/2 and NF-kB Samples (20µg) from intestinal mucosa of each group were electrophoretically separated on 10% SDS polyacrylamide gels and the proteins were then transferred to polyvinylidene difluoride membranes (Amersham Biosciences, RPR303D). The membranes were blocked in blocking solution (0.1% Triton-X-100, 15 mmol/L NaCl, 2 mmol/L Tris-HCl, pH 7.5) containing 3% bovine serum albumin (BSA) for 30mins, then incubated overnight with rabbit anti-pERK1/2 monoclonal antibody (Cell Signaling, US, 1:100), rabbit anti-lamin B1 polyclonal antibody (Abcam, UK; 1:500), and rabbit anti-NF-kB p65 antibody (Santa Cruz, US; 1:100) diluted in Tris-buffered saline with 0.1% Tween 20 (TBST) containing 1% BSA at 4°C, then washed three times (5 mins each time) with TBST. The membranes were incubated with a horseradish peroxidaseconjugated secondary antibody of goat anti rabbit IG (Abcam, UK, 1:1000) for 1 hour, and subjected to a chemiluminescence detection system. Semiquantitative evaluation of bands was assessed densitometrically using the software Quantity One (Bio-Rad).
Statistical analysis
Data were analyzed using standard statistical software (SPSS 13.0; SPSS Chicago, IL). The values were presented as Mean ± S.D, the statistical significance among groups was evaluated by one-way analysis of variance (ANOVA) followed by post hoc Bonferroni's multiple comparison test. The significance level was set to P < 0.05.
Results
Detection of the donor derived MSCs
After MSCs transplantation, we determined the distribution of donor derived cells in the recipient rat using a Y chromosome in situ hybridization method as previously described [24] and selected four time points for identifying the Y chromosome positive cells post transplantation. We found that there were only a few donor derived cells migrating to the lamina propria of intestinal mucosa in recipient rats at 1 day postoperatively. But as time elapsed, more donor derived MSCs engrafted into the intestinal mucosa, with most of the homed cells located at the lamina propria of intestinal mucosa at 4 and 7 days postoperatively. This number of homed cells decreased to a lower level at 10 days postoperatively (Figure 1) .
TNF-α content in the intestinal mucosa
TNF-α was an important proinflammatory cytokine during intestinal I/R injuries, and its content in intestinal mucosa of every group was varied depending on the different processing factors. In sham group (rats only receving laparotomy and SMA dissection) mucosal TNF-α was in a low and steady level at each time point postoperatively. However, in both MSCs and saline treated groups, mucosal TNF-α rised to a high level compared to the sham group at 1 day postoperatively, and mucosal TNF-α in saline group went up to an even higher level than that in the MSCs group. 4 days after I/R, mucosal TNF-α in MSCs group and saline group began to decline, and the mucosal TNF-α in MSCs group decreased to a much lower level than that in saline group (P<0.01). This trend was maintained until 7 days postoperatively, at which timepoint, mucosal TNF-α level in MSCs group dropped to the level near that of sham group (P>0.05). However, TNF-α in saline group ramained at a high level until 10 days postoperatively when it finally declined to a level close to that of MSCs group (Figure  2) . From Figure 1 and Figure 2 , we can see that the variation of mucosal TNF-α in MSCs group was negatively correlated to the amount of the homed MSCs within the intestinal mucosa, particularly at 4 and 7 days postoperatively: the amount of engrafted MSCs reached a higher level, while the mucosal TNF-α dropped to a lower level.
PCNA expression in intestinal mucosa of different groups
Real-time PCR was applied to determine PCNA expression at mRNA level in intestinal mucosa of every group at 4 and 7days after intestinal I/R injuries, which overall showed an increasing tendency of PCNA expression in intestinal mucosa. PCNA in sham group showed a low expression at 4 days postoperatively, and expression of PCNA in saline and MSCs groups were higher than that in the sham group. It is important to note that PCNA expression level in MSCs group was significantly higher than that in the saline group (P<0.01). At 7 days postoperatively, there was still significant difference of mucosal PCNA expression in MSCs group than that in the saline group (P<0.05) (Figure 3 ).
Protein expression of pERK1/2 to tERK1/2 and NFkBp65 in intestinal mucosa
The protein expression of pERK1/2 to tERK1/2 in different groups was determined by the ratio of bulk density (volume INT/mm 2 ) at 4 and 7 days after intestinal mucosal I/R injuries. The values showed that pERK1/2 in MSCs group was significantly higher than that in the saline and sham groups at 4 days after intestinal I/R (both P<0.05, Figure 4) . This trend continued until 7days postoperatively (both P<0.05, Figure 4) . Results of western blot analyses showed that NF-kBp65 protein expression was at a lower level in sham group both at 4 and 7days postoperatively. However, protein expression of NFkBp65 in saline group was significantly higher than that in MSCs group at 4 and 7days after intestinal I/R injury (P<0.05 and P<0.01 respectively, Figure 5) , which implied that much more inflammatory cytokines were activated in saline group.
Discussion
Bone marrow derived mesenchymal stem cells (MSCs) are considered to be a potentially useful therapeutic option for treatment of a wide variety of ischemia/reperfusion disorders including intestinal I/R injury [27, 28] . The mechanisms that mediate the effects of MSCs in ameliorating intestinal I/R injuries are however still unknown. The old dogma that administered MSCs engraft and differentiate into specialized cell types has been abandoned, and the proposition that therapeutic efficacy of MSCs is mediated via secretion of a variety of trophic cytokines and chemokines that stimulate regeneration and differentiation of injured cells [29] , and inhibit proliferation of immune cells via secretion of anti-inflammatory cytokines [30] has gained popularity. In this study we first investigated the migrating characteristics of engrafted male MSCs after submucosal infusion in female recipient by Y chromosome in situ hybridization. We then speculated that the therapeutic effect of the homing MSCs against a complex I/R injuries was likely to be derived from the synergy of inhibiting inflammation and promoting regeneration by the administered MSCs, and that this efficacy was correlated with the amount of The ratio value of pERK1/2 to its own tERK1/2 of the bands which was evaluated densitometrically using the software Quantity One for the three groups at different time points. Each bar represents mean ± SD of the ratio value in every group. S: sham group; C: control (saline) group; M: MSCs group. 4d and 7d represent 4 days and 7 days postoperatively. *: P<0.05, compared with control (saline) group, by one-way ANOVA test. doi: 10.1371/journal.pone.0074468.g004 the engrafted cells. To assess the potential role of MSCs transplantation after intestinal I/R injuries, we focused on expression of proinflammatory cytokine TNF-α within intestinal mucosa and signaling pathways NF-kappaB after superior mesenteric artery I/R and evaluated the expression of PCNA and ERK1/2 in intestinal mucosa to clarify the therapeutic potential of infused MSCs.
Intestinal I/R injury was associated with prompt release of endotoxin into the portal venous circulation, followed by release of a significant amount of TNF-α into intestinal mucosa and systemic circulation [31] . TNF-α is a peptide mainly derived from stimulated macrophages and is implicated in the pathogenesis of multiple organ system and cell impairment associated with sepsis. Released TNF-α is a key proinflammatory cytokine which induce increased superoxide anion generation, leukotriene, increased neutrophil aggregation and adherence to endothelial cells, all relevant to cell and tissue injury [32] . In our experiment, mucosal TNF-α content in sham group was consistently at lower level throughout the observed time points postoperatively. However, intestinal mucosal TNF-α in both MSCs and saline groups increased to maximum values at day 1 postoperatively and there was no significant differences bwteen the two groups. With increasing postoperative time points, significant differences were noted between the group receiving MSCs and one receiving saline injection. Intestinal mucosal TNF-α in saline group was considerably higher than that in the MSCs group, both at 4 and 7days postoperatively (both P<0.01). Mucosal TNF-α levels in these two groups eventually dropped to approximate levels in the sham group at 10 days postoperatively, although the MSCs group had a more rapid drop compared to the saline group, and mucosal TNF-α content decreased to the approximate level of sham group at 7 days postoperatively (P>0.05, shown in Figure 2 ). These results indicated that the increasing magnitude of mucosal TNF-α was significantly inhibited by transplantation of MSCs and reduced TNF-α release lead to a lower inflammatory response hence less impairment to intestinal mucosal cells.
PCNA is a significant cell cycle-regulated nuclear protein for DNA-polymerase δ in eukaryotic cells [33] . Since DNApolymerase δ is involved in resynthesis of excised damaged DNA strands during DNA repair. PCNA labeled nuclei identify cells in late G1 and early S phase of the cell cycle and its expression is increased during DNA repair and DNA synthesis process [34] . As a result, increasing expression of PCNA was an important symbol for both DNA synthesis and DNA repair after cellular damage. A previous study demonstrated that with increased expression of PCNA within intestinal mucosa, the repair process of I/R injured mucosal cells was significantly accelerated [35] . Our current findings suggest that at 4 and 7days after intestinal I/R impairment, expression of PCNA in MSCs group was significantly higher than that in saline and sham groups. This demonstrates that MSCs transplantation was a potential determinant of increased expression of mucosal PCNA which in turn accelerated restoration of damaged mucosal cells as well as replacement of dead absorptive epithelial cells. These results were consistent with those of a previous study by Munoz et al [36] . In that study, MSCs were topically administered into I/R injured mouse hippocampus and expression of PCNA was found to be considerably higher in hippocampus specimens of recipient mouse than the control group 4 days after MSCs infusion. In addition, hippocampus cell proliferation and neurological function was markedly improved in experimental group. These two studies underscore MSCs' potential to promote cellular proliferation by accelerating the expression of PCNA after ischemia/reperfusion injury.
Intestinal mucosal epithelium continuously and rapidly regenerates itself throughout life. This rapid and dynamic renewal is maintained by crypt proliferating unit containing stem cells which give rise to four epithelial lineage cells [37] . The proliferation and differentiation processes of intestinal mucosal cells are accompanied by activation of a variety of cell signal pathways, and ERK1/2 is an important signaling pathway for mucosal cell proliferation [38, 39] . Tissue renewal and cell regeneration are crucial for intestinal mucosal recovery after I/R injuries. El-Assal et al [40] revealed that activation of ERK1/2 resulted in accelerating intestinal mucosal cell hyperplasia and repair after I/R damage. Results of our study showed that the expression of phosphorylation ERK1/2 (pERK1/2) was at a relatively low level in the sham group postoperatively, which indicated that lesser injury factors resulted in lesser cellular proliferation. However, mucosal expression of pERK1/2 in saline and MSCs groups was clearly up-regulated after intestinal I/R injury due to the requirement of mucosal epithelial restoration, and this process was markedly enhanced by MSCs administration. Data shown in Figure 4 demonstrate that expression of pERK1/2 in MSCs group was significantly higher than that in the saline group at 4 and 7days postoperatively (both P<0.05) which indicate that MSCs may promote I/R injured intestinal mucosal restoration by upregulating the expression of phosphorylation ERK1/2. Recent evidence has proved that transcription factor nuclear factor-kappaB (NF-κB) plays a crucial role in regulating the expression of several genes involved in inflammatory response process, and some of these genes are activated during intestinal ischemia/reperfusion injury [41] . Activation of phosphorylation NF-κB may lead to enhanced expression of a series of proinflammatory genes that inevitably result in further cellular and tissue impairment. Previous studies have showed that inhibiting activation of NF-κB may attenuate tissue and cellular inflammatory response injuries [42, 43] . Strategy for considering inhibition of NF-κB activation as a promising molecular target for ameliorating intestinal I/R injury has been deemed as a new therapeutic modality to improve prognosis after intestinal I/R injury. In this study, phosphorylation NF-κB activation was significantly inhibited by submucosal infusion of MSCs after superior mesenteric artery ischemia/reperfusion injury and the experimental results showed that mucosal NF-κB expression in sham group was at markedly lower level compared to the other two groups both at 4 and 7days postoperatively. At 4 days after intestinal I/R injury, mucosal NF-κB expression in saline group rapidly rose to a significantly high level in comparison with the sham group, but was significantly reduced in MSCs group (P<0.05). This trend became particularly obvious at 7 days after MSCs transplantation (P<0.01). These data demonstrate that MSCs have the potential of suppressing overexpression of NF-κB within intestinal mucosa after I/R injuries which in turn lead to lesser proinflammatory cytokines release and lesser mucosal impairment.
In summary, we investigated the anti-inflammatory and proliferative role of MSCs in an ischemia and reperfusion injured intestinal model and found that MSCs not only have the capacity to inhibit release of proinflammatory cytokines and suppress overexpression of proinflammatory genes, but also have the potential of accelerating expression of proliferative genes involved in intestinal mucosal cellular regeneration. Our study also demonstrated that MSCs alleviating intestinal ischemia/reperfusion injury was probably due to its capacity to reduce inflammatory cytokine release, inhibit proinflammatory gene activation and improve proliferation of injured mucosal cells. Further research is however needed to fully understand mechanisms by which MSCs exerts its influence on intestinal mucosal inflammatory and proliferative signal pathway.
